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The chemical industry in the Netherlands as well as the rest of the world depends to a 
large extent on oil. Imminent shortages and growing demand, mainly from up and coming 
industrial nations, are forcing chemists to look at other, preferably green, source materials. 
‘Heterogeneous catalysis will play a key role in the conversion of green source materials
into useful products’, says Emiel Hensen, professor in Inorganic Materials Chemistry at the 
Eindhoven University of Technology. ‘With catalysts, you can convert wood into plastics
and liquid fuels.’ 
Catalysts are materials that, when added in small amounts, can speed up a particular chemical 
reaction. ‘They are used extensively in chemical industry and have’, so says Hensen, ‘a large 
multiplier effect. The turnover of the Dutch chemical industry is around 50 billion euros per year. 
This is largely made possible by catalysts, whose turnover is only a small fraction of this amount. 
It is therefore not surprising that the Netherlands is one of the leaders in the field of catalysis 
research. The ‘Dutch School of Catalysis’ of which the three universities of technology form a key 
part is renowned worldwide in the field of catalysis.’
The end of catalysis is by no means in sight. Hensen: ‘Over the next fifty years the world energy 
consumption is estimated to double. It is highly unlikely that we can meet that demand using 
solely renewable resources. The primary task of society now is therefore to use existing fossil 
fuel sources as efficiently as possible and with as little environmental damage as possible.’
One of the possibilities is to not burn natural gas directly in power plants and in central
heating, but to first convert it to hydrogen. The traditional method for this is steam reforming 
where natural gas (mainly methane) is reacted with steam and, using a metal-based catalyst, is 
converted to carbon dioxide and hydrogen. The carbon dioxide – a greenhouse gas – could be 
trapped and stored underground, whilst the hydrogen could be used to generate electricity,
for example, by means of a fuel cell.
The process could be made a lot more efficient and environmentally friendly if the carbon
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Having grown up in the shadow of the Moerdijk industrial zone, Michel 
Ligthart (29) has had a love for large chemical plants from a young age. 
This affinity was further consolidated during his chemical engineering 
degree at the Eindhoven University of Technology by a study trip to
Jurong Island near Singapore, one of the largest petrochemical facilities 
in the world. Ligthart: ‘I did hesitate when it came to doing a PhD 
because I did not consider myself the researcher type. It was the subject 
that persuaded me: making a large-scale chemical process more efficient.’ 
The process he is concerned with is ‘steam reforming’, a classical
petrochemical process where methane is converted into hydrogen and 
carbon dioxide (CO2). While the hydrogen is currently being used as a 
feedstock for a whole range of industrial processes, it is also one of 
the fuels of the future. Ligthart: ‘When you react methane with steam, 
you can use the hydrogen to generate clean electricity in a fuel cell.
The CO2 could be stored but can also be used as a reagent in other 
reactions.’ 

The steam-reforming process currently takes place at high temperatures 
using a nickel catalyst. Together with the Energy Research Centre of 
the Netherlands (ECN), Ligthart is researching low-temperature steam 
reformation. Ligthart: ‘We are using a new type of double-walled reaction 
vessel whose inner wall is a membrane, a sieve, through which the 
hydrogen can pass but the CO2 cannot. Removing the hydrogen from the 
reaction shifts the equilibrium of the reaction, causing it to proceed at 
much lower temperatures. The nickel catalyst poses problems at lower 
temperatures, so we are developing a catalyst that is affordable and 
long-lasting for this new technology.’ 
Ligthart does the experimental work whilst his colleague, Pieter Grootel, 
is trying to model what takes place at the metal surface of the catalyst. 
These theoretical calculations predict what kind of surfaces and particle 
sizes are needed. Ligthart: ‘A combined approach that should result in 
new mechanistic knowledge and, ultimately, a catalyst for separation-
enhanced reforming.’

dioxide and the hydrogen could be separated straight after or even better during the reaction. 
The reason being that the starting materials and the products are in equilibrium; by removing 
one of the products the equilibrium will shift and nearly all of the natural gas will be converted
to hydrogen. Hensen: ‘Together with the Netherlands Centre for Energy Research (ECN) we are 
working on a procedure for the simultaneous production and separation of carbon dioxide and 
hydrogen. The ECN has developed a membrane, whereby the actual reaction takes places within a 
membrane – a molecular sieve – which allows for the removal of the hydrogen from the carbon
dioxide straight after their formation. Using spectroscopic methods we are trying to visualise 
how the reaction actually happens when using different catalysts. We are especially interested 
in the role of the structure of the metal nanoparticles on the reaction. The surface structure of 
these particles has drastic effects on the efficiency of the conversion and the stability of the 
catalysts.’ 
As well as using fossil fuels more efficiently we need to consider switching to biomass as an 
energy source and fuel. This is already happening on a small scale. Ethanol is made from plant 
starch and diesel from oil-containing crops. Due to competition with plants as food sources, the 
use of starch and edible oils is not considered sustainable. A lot of research is therefore focused 
on the use of the inedible parts of plants. Hensen: ‘One of the most ubiquitous, and therefore 
cheapest, green materials is cellulose. It makes up 40 to 80 per cent of agricultural and forestry 

waste and humans cannot digest it. If you use cellulose as a 
chemical feedstock or fuel you are not competing with food 
production.’
A large worldwide research effort focuses on the conversion 
of cellulose into ethanol using micro-organisms. This ethanol 
can then be used as feedstock for the chemical industry or 
as a liquid fuel for vehicles. Hensen: ‘We, together with some 
other research groups, are opting to use catalytic conversion 
– not microbiological, but chemical – because we think it 
is more efficient and yields better building blocks (basis of 
materials for chemical production).’
Chemically, cellulose is converted into HMF, hydroxymethyl-
furfural, in two steps – in future a one-step conversion may 
become possible –using metal chlorides as catalysts. Starting 
from HMF building blocks can be made for the production of 
plastics, or for liquid fuels. The efficiency of the conversion 
lies around 70 per cent which means that this proportion of 
the cellulose present in the source material, wood or
agricultural waste, is converted into HMF.
Hensen: ‘We are looking at what exactly is happening during 
the reaction. It appears that the catalysts ‘grab’ the glucose 
building blocks of the cellulose in a certain way and very rapidly converts them to fructose – a molecule related 
to glucose – followed by a conversion of this molecule into HMF. We can visualise this process using X-rays and 
other imaging techniques. On top of this, we can use quantum-mechanical calculations to make computer
models of the process at the molecular level.’
The goal of all these efforts is to increase the efficiency of the reaction and to improve the quality of the final 
product, HMF. Hensen: ‘Catalysis used to be more of an art than a science. Nowadays, we have reached such a
level, however, that we can design catalysts with desired reactivity. For this reaction, for example, we can
improve the process by attaching the catalyst to a solid-phase carrier material. The advantage of a carrier is 
that you can easily remove the catalyst from the reaction solvent, in this case an ionic liquid (a liquid salt), 
and use it again. A second advantage is that the right choice of solid-phase carrier can increase the surface
area on which the reaction can take place, which subsequently boosts reaction yields.’ 
In ‘normal’ catalysed reactions, like those used for refining crude oil, zeolites are often used as carriers; a
rock-like material that has many small pores, in which the catalyst can attach itself. Hensen: ‘The problem with 
the zeolites that are used as carriers at the moment is that the pores are too small. When you are working
with biomolecules, pores in the order of nanometres in diameter are needed (one nanometre is one millionth of
a millimetre), whereas the pores of commonly used zeolites are typically below 1 nanometre in size. That is why 
we are working with mesoporous materials, which have an internal surface of around 1,000 square metres per 
gram. These materials exist, but it is a challenge to construct them in the right shapes and make them 
catalytically active. This is building work on a nano-scale.’ 
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The central theme of the Laboratory of Thermal Engineering is ‘playing with heat’. This ranges
from the development of efficient methods to convert biomass and waste into useful fuels 
for producing e.g. electricity to the development of an intelligent reactor that uses heat 
much more efficiently. Theo van der Meer: ‘By using heat more efficiently, we can save a lot 
of energy.’
One of the research themes is the conversion of waste into oil that can be used in small power 
plants and ship’s engines. This process is called pyrolysis, which is the breaking-down of materials
in absence of oxygen. It is a bit like making charcoal from wood, except that in Twente they 
are using it to produce liquid fuels. This is not a new thing but, according to van der Meer, ‘the 
amazing thing about this process, which is being developed by professor Gerrit Brem, is that the 
oil produced is exceptionally clean. It does not contain carbon particles and is also less acidic. 
This prevents complications during combustion. The process can also be performed on a small 
scale, so you could picture it being used in developing countries to make fuel from waste.
This fuel can then be used to run a generator.’ 
Pyrolysis is especially useful for relatively dry waste streams. Van der Meer: ‘For more damp waste
streams, like stems and leaves of plants we are developing supercritical gasification technology 
whereby biomass and water are brought together under such pressures and temperatures that 
the water becomes supercritical. This means that it is no longer liquid, nor is it gaseous. Under 
these circumstances the biomass and the water will react to form a gas that is rich in hydrogen, 
methane and carbon monoxide. This gas is an excellent fuel for a gas motor.’ 
The group looks not only at making new types of fuel, but also at the burning of them,
for example in a gas turbine, furnace or boiler. This study forms part of the nationwide ‘Clean 
Combustion Concept’ research programme. Its aim is to develop new concepts in combustion
technology that are more efficient and produce fewer oxides of nitrogen. One of these new
concepts is flameless combustion. Van der Meer: ‘Normally you try to mix fuel and air as

Prof.dr.ir. Theo van der Meer – Thermal Engineering
University of Twente

PLAYING WITH HEAT

3TU.Centre for Sustainable Energy Technologies



88 89

‘If this were to work, it would save the processing industry not just 
enormous amounts of energy, but also a lot of space. Hypothetically, we 
could think of converting Europoort Rotterdam into a nature reserve.’ It 
seems near impossible for Timo Roestenberg (26) to curb his enthusiasm 
for his PhD project: a new type of reactor in which chemical reactions 
proceed so rapidly that it needs to be roughly the size of a moped 
engine to still have an enormous production capacity. 
‘It works a bit like an engine’, Roestenberg tells us. ‘Inside a cylinder, a 
free-moving piston moves up and down. This creates very high pressures 
alternately in the upper or the lower cylinder chamber depending on 
the position of the piston. This causes the temperature to rise rapidly, 
the so-called bicycle pump effect. Reactions in the compressed chamber 
then occur within a few thousandths of a second. Where current systems 
are big and slow, this reactor is superfast and very small. So fast, in
fact, that you need to deliver the reagent streams at nearly the speed
of sound to keep up with the reaction.’ 

It could still be a while before a chemical factory the size of a container 
(reactor plus supply systems) becomes reality. Roestenberg: ‘My research 
is aimed at the thermodynamics and heat transfer of the reactor. You can 
imagine that the materials begin to expand when temperatures rise this 
quickly. If this expansion is different for the cylinder and piston, it can 
result in a leakage, or the piston getting stuck. If we know more about 
the thermoregulation, we can design the reactor in such a way that this 
is prevented.’
Roestenberg, who obtained his Master’s degree in mechanical engineering,
did not hesitate one moment when he was asked about this PhD position.
‘The group is good, the people are nice and – not unimportantly – I get 
to work on and study this revolutionary design. What may be the most 
fun about the project is that I get to collaborate with the inventor of 
the reactor. He is from Russia and is the true inventor type: 100 ideas 
a day. His drive and my Dutch ‘down-to-earth’ mentality are a perfect 
combination.’

efficiently as possible to generate a stable flame. Inside the flame, however, pockets of extremely 
high temperatures will form. Because the main component of air is nitrogen, nitrogen oxides are
formed in these pockets. If you want to prevent them forming you need to prevent these localised
areas of high temperature.’  The most obvious way to achieve this is not to mix the fuel and air 
well. This would prevent the pockets of high temperature from forming, in which the nitrogen 
oxides are formed. A disadvantage is that the combustion becomes incomplete. Van der Meer: 
‘This can be circumvented by heating the air that you are blowing into the fire so high that the 
air and fuel react with each other without a flame forming: flameless combustion, which still 
leads to the fuel being completely combusted.’
The research consists of a detailed analysis of what exactly goes on in the combustion chamber
and of what intermediate and final products are formed and at what stage. This is done by 
LASER-induced fluorescence, as well as other tools. Van der Meer: ‘The basis of the experiment 
is the beaming of LASER light onto the molecules. This gets them in an excited state of energy. 
When they fall back into their normal state they send out light with a wavelength specific to 
the molecule in question. If, at the same time look at the scattering of the light with Raman 
spectroscopy, then you can measure all components in the mixture in only a few nanoseconds.’ 
These measurements are the data used by detailed computer models of the combustion process. 
Those models in turn are used to optimise combustion processes and develop new ones. 
Another line of research focuses on heat transfer in stationary systems. A recent example is ADEM,

the Advanced Dutch Energy Materials Innovation Lab, a large research collaboration between the 
three universities of technology (3TU.Federation) and the Energy Research Centre (ECN). One of 
the themes within that programme is the development of an improved heat pump. Van der Meer: 
‘In order to improve heat transfer, we are developing a coating made of carbon nano-fibres; tiny 
hairs between 2 and 10 micrometres in length and with a diameter of 60 to 100 nanometres.
They significantly increase the surface area, which leads to a marked improvement in heat 
transfer in the regenerator of a heat pump. The burning of gases in a gas turbine can lead to 
problems due to vibrations. Van der Meer: ‘A fire always rages as a result of the thermo-acoustic 
effect, which can give fluctuations in pressures ranging from a few tenths of a bar to half a bar.
These vibrations are so large that they can cause the wall of the combustion chamber to rupture. 
It was first observed in the Netherlands about fifteen years ago in a power plant where coal 
gasification was used. Here a mixture of hydrogen and carbon monoxide is used mixed with air. 
The problems presented here formed the basis of our very successful research programme. It has 
produced quite a few PhDs over the years.’ 
Another project focuses on improving the heat transfer inside a chemical reactor. An interesting 
spin-off of this project is a new type of reactor, which slightly resembles a combustion engine. 
The reactor consists of two cylinder chambers separated by a free-moving piston. Van der Meer: 
‘Using a number of different valves, the reagents are introduced into the cylinder chamber. The 
piston goes up and the pressure rises to a few hundred bars. At the same time the temperature 

goes up to a few thousand degrees. As the chemical reaction 
progresses, the piston is pushed back down allowing the 
reaction in the other cylinder chamber to progress. The big 
advantage is that the energy released in one reaction is
efficiently transferred to the other reaction. Hardly any 
heat is lost to the surroundings. The high temperatures and 
pressures in a small area cause the reaction to proceed very 
efficiently. The piston moves up and down with a frequency
of 200 Hertz, so it sounds like a car engine running.’ 
The proof of principle of this new type of reactor was succesful
and further development is being carried out by a spin-off 
company. Van der Meer: ‘Certain problems arise during the 
execution, which are partly based on the lack of knowledge of
the thermodynamics at the extreme pressures and temperatures
found in the cylinder chamber. Together with the inventors 
we are researching heat maintenance in the reactor. This is
important in choosing the materials for the piston and
cylinder. It is essential to prevent the piston getting stuck as 
a result of a difference in the expansion of the cylinder and 
the piston. This is vital as no lubricants can be used because 
these would disrupt the chemical reaction.’ 

Timo Roestenberg
University of twente
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